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ABSTRACT
TRANSLOCATION OF SYNTHETIC
POLYELECTROLYTES THROUGH PROTEIN AND
SYNTHETIC NANOPORES
SEPTEMBER 2007
RYAN J. MURPHY
B.S., UNIVERSITY OF FLORIDA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Murugappan Muthukumar
The complexity of biological processes manifests itself in many ways, with the
most notable being the high level of dynamical control they possess. For the full
potential of biological mimicry to be unlocked, it is essential for the scientific commu-
nity to partake in an exhaustive search to understand the governing dynamics behind
these biological processes. In this vein, this work investigates the bulk conductivity
behavior of sodium polystyrene sulfonate (NaPSS) as a function of polymer (Cp) and
salt (Cs) concentrations. This was carried out in an attempt to understand the indi-
vidual contributions from each of the conducting species of a polyelectrolyte solution
(chain, counter-ions, and/or salt) to the bulk conductivity in its most simple aque-
ous environment. The translocation behavior of NaPSS through Q-hemolysin protein
pores was also investigated. We demonstrate how single molecules of NaPSS, varying
vii
over two orders of magnitude in the degree of polymerization, can be pulled in aque-
ous media by an externally applied electric field through the a-hemolysin channel
embedded in a lipid bilayer. We propose a two-barrier free energy landscape for poly-
electrolyte translocation through Q-hemolysin protein pores. Based on the proposed
energy landscape, a detailed mechanism behind the array of interactions between a
charged polymer and the a-hemolysin protein pore is described. Although the experi-
mental setup and the measurement protocol are identical to the original investigation
involving DNA, this work demonstrates that synthetic polymer translocation displays
many significant distinguishing features when compared to the behavior of DNA or
RNA. We have also investigated the sculpting of synthetic nanopores for transloca-
tion of bottle-brush polyelectrolytes towards understanding the transport behavior of
more complex chain architectures. The use of synthetic nanopores allows for the cus-
tom tailoring of pore diameter, allowing for the translocation properties for a variety
of chain architectures to be studied.
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GENERAL INTRODUCTION
The main thrust of a large amount of recent research has focused on integrating
or mimicking biological machinery for the use in small-scale, or nano, materials and
devices. The genesis of this scientific ethos is not hard to rationalize; Nature has
the mysterious ability to solve intensely complex problems with amazing ease and
efficiency. This complexity fosters both jealousy and curiosity in those in pursuit
of research within this arena. However, the result of mankind's desire to harness
this ability, if benevolent, could lead to many important technological and medical
breakthroughs serving to greatly improve our way of life. The complexity of these
biological processes manifests itself in many ways, with the most notable being the
high level of dynamical control they possess. For example, the process of DNA tran-
scription and translation are both rich in complex dynamics, and yet are among the
first things one learns in a cell biology course. In order for biomimicry to realize
its full potential, the scientific community must investigate the fundamental physics
behind these biological events. Although this search has made many strides over the
years, there is still much that is not understood.
It is the goal of this work to investigate the transport properties of charged poly-
mers, or polyelectroytes, in two markedly different experimental conditions; in bulk
solution and through nanometer sized protein pores. Before one can understand a
complicated dynamic phenomenon such as translocation, an understanding of the
systems behavior in its most simple aqueous environment must be had. Even in the
midst of the great scientific achievements of the past 200 years, the fundamental un-
derstanding of the individual contributions from each of the conducting species of a
polyelectrolyte solution (chain, counter-ions, and/or salt) to the bulk conductivity
1
remains unknown. Gaining this level of understanding will continue to be a difficult
process, requiring the effort of current and future scientific endeavors. The hope is
that the work presented below will not only build on previous findings, but provide
inspiration for future research in polyelectrolyte conductivity.
One of the largest difficulties in the search to understand the physics of biology
lies in the extremely small length scales involved. To truly understand most biological
dynamics, one must have the ability to quantitatively measure the system's behavior
on a single molecule length scale. Over the years, many advances have been made with
instrumentation, specifically atomic force microscopy (AFM) and optical trapping
technology, which has shrunk the experimental length scale down to a more relevant
range. What has remained elusive is a tool that allows one to quantitatively measure
the nonequilibrium solution dynamics of a single molecule. The implications of such
a powerful tool are immense, and would allow for the scientific community to make
great strides in understanding the dynamics of biological systems. As will be discussed
in this work, there is a large effort towards investigating the viability of protein pores
as such a tool, yet the fundamental physics is still not fully understood. In this work,
a model synthetic polyelectrolyte system is utilized to understand the physics behind
flexible polyelectrolyte translocation through the a-hemolysin protein pore.
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CHAPTER 1
CONDUCTIVITY OF POLYELECTROLYTE SOLUTIONS:
ROLES OF THE CHAIN, COUNTERION, AND SALT
1.1 INTRODUCTION
Recently, there has been a significant effort towards mimicking the complex and
delicate biological machinery that exists in nature. Being able to control such pow-
erful dynamic processes would open the door to a vast array of technological and
medical breakthroughs. However, before one can gain the dynamic control of pro-
teins, DNA, and RNA, one must first have a detailed and intimate understanding of
the parameters that govern their motion. Before more complex biological systems can
be studied, the bulk solution dynamics of charged polymers, such as DNA and RNA,
must be understood. Due to the complexity of biological polymers, it is common
to utilize synthetic model systems that are structurally simplified (configurationally
and conformationally), yet posses the crucial electrostatic component that governs
biopolymer motion when in the presence of an electric field.
An aff"ordable and quick method to study the relaxation of polyelectrolytes under
an applied field is by measuring their solution conductivity. Commercially available
meters are relatively cheap and require little setup time. Conductivity data is typically
expressed in terms of either the specific conductivity, a, or equivalent conductivity,
A. Specific conductivity is defined as
(1.1)
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with R being the resistance of the bulk solution, and 1 and A define the distance
between, and cross sectional area of the electrodes, respectively. Physically, a repre-
sents the collective motion of all the charged species in the solution, hence its also
being known as the "bulk" conductivity. A first approximation of A is obtained by
dividing a by the the total number of charges in the solution defines A, or
where z and c are the total electrolyte charge and salt concentration, respectively.
This normalization of a defines the degree in which each individual ionic species
contributes to the bulk conductivity of the solution. In the late 1800's, Priedrich
Kohlrausch measured A for an array of different simple salt solutions and arrived at
the expression
where c is the concentration. A: is a constant that depends on the stoichiometry of the
salt, and A° is the equivalent conductivity at infinite dilution, conceptually defined
as
where A* is the equivalent conductivity of each of the dissociated ions, and is
their respective valencies. The discrepancy between Eq. 1.2 and Eq. 1.3 is best
understood through evaluating a in terms of the velocity of each of the ionic species,
Vj. When this is done,^ it is clear that Eqns 1.2 and 1.3 differ because the former
naively assumes that there are no interionic interactions between charged species in
solution. When interionic interactions are taken into account, the electrostatic friction
between neighboring ions increases with concentration, causing this -^/c dependence
(1.2)
A = A^ - ky/^ (1.3)
A^ = U+A+ + u-A- (1.4)
Appendix D
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of A. Equation 1.3 has been heavily reproduced in the hterature, becoming the
benchmark for understanding simple electrolyte solution conductivity.
Upon the discovery of polyelectrolytes, there has been a large effort towards ob-
taining a polymer analog to Eqs 1.3 and 1.4, i.e. studying the effect of topological
charge correlation on solution dynamics. Over the years, the motivation behind this
pursuit has evolved from intellectual curiosity to a vital tool towards mimicking com-
plex biological machinery. Early theoretical work by Manning[57, 58, 59] provided
a treatment of the colligative[57] and transport[58, 59] properties of polyelectrolytes
and their counterions. His initial work[57] focused on establishing a Debye-Hiickel
limiting law equivalent for polyelectrolytes. This was motivated by the fact that con-
centrations necessary for the Debye-Hiickel approximation to be valid are too low to
accurately measure for polyelectrolyte systems. Assuming an infinitely long, rigid
chain, and no chain-chain interactions. Manning established a charge density param-
eter, ^, defined as
where b is the average charge spacing on the polyion and 4 is the Bjerrum length,
ATreoeKB-L
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where e is the electronic charge, ks is the Boltzmann constant, and e and Cq is the
permittivity of the solution and vaccum. respectively. According to this theory, if
^ > 1, the counterions will condense onto the chain until h — 1^ {^—l). When
^ < 1, the counterions are considered uncondensed and can be treated under the
Debye-Hiickel approximation. Manning extended this condensation theory in his
examination into the transport properties of polyelectrolytes in solution[58, 59]. He
set forth an analytical treatment of A for polyelectrolyte solutions [59], defined as
A = f(A,° + Ap) (1.7)
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where f is the couiiterion dissociation factor, Ac" is the counterion equivalent conduc-
tivity in pure solvent, and Xp is the polyion equivalent conductivity. The bulk of this
work focused on establishing the equation for Xp, which is defined as
279A\zc\~^\ In Ka
(1.8)
l + 43.2^(|2e|-^A^)~^|lnKa
where
€KbT
(1.9)
and
(1.10)K. =
\ 47re2
and a is the radius of the rod-like chain. Evaluation of Eqs 1.7-1.10 depict Mannings
qualitative prediction that A for polyelectrolyte chains will increase as Cp is decreased.
It is important to note that these expressions accounted for the electrophoretic and
relaxation effects stemming from the interactions between the chain and its bound
counterions, as well as the chain orientation relative to the applied field, and the ef-
fect of an apposing electric field born out by the asymmetricly distributed condensed
counterions. Kwak and Hayes [49] made experimental measurements to compare to
Manning's theory by investigating the role of counterion chemistry on bulk conduc-
tivity of sulfonated polystyrene. Their results show that A posses a distinct minima
as Cp is decreased. Their results show only fair qualitative comparison to Manning's
theory at low Cp, attributed to Manning's rigid rod model failing to account for
the the flexibility of sulfonated polystyrene. Extensive experimental studies on the
conductive properties of polyelectrolyte solutions w^ere also carried out by Vink and
coworkers [124, 125, 126, 127] in an attempt to link current theory to experimen-
tal results. The conductivity of polyacrylic acid (PAA), carboxymethylated hydrox-
yethyl cellulose (CMHC), polymethacrylic acid (PMA), sodium polystyrenesulfonate
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(NaPSS), and polyvinylsulfonate (PVS) where measured at frequencies between 0.5-
2kHz. For the sah. free cases, he calculated A using the relationship
A =
a — a.o
(1.11)
p
which is similar to Eq. 1.2 but compensates for the conductivity of the pure solvent,
Go- This equation was expressed in a fashion similar to Eq.1.3 as
where $(c) represents the effect of interionic interactions on the conductivity. Com-
bining Eq. 1.11 and 1.12 and solving for a yields
By measuring a and utilizing the above equations, Vink observed qualitatively simi-
lar results to Kwak and Hayes for all polyelectrolytes tested, i.e. a decrease in A as
Cp is increased. To test the implications of Manning's condensation theory on poly-
electrolyte conductivity, Vink analyzed A as a function of
^,
paying special attention
to A at ^=1. In contrast to Manning's predictions, he did not observe a marked
drop in Ap or f in the region C > 1 ? showing that the mobility of the counterions is
unaffected at the critical condensation condition. Vink also investigated the effect
of added salt to polyelectrolyte conductivity [126], showing that the presence of the
polyion chain strongly effects the conductivity of the added salt in a multicomponent
polyelectrolyte system.
The large discrepancy between the dynamics of the polyion chain and its counte-
rions was established through measurements on the dielectric properties of a variety
of different polyelectrolyte solutions by Mandel et al.[27, 28, 55. 56. 83, 119, 130].
A = A" + $(Cp) (1.12)
a = a, + A^Cp + Cp<l>(Cp) (1.13)
Their body of work showed that the dielectric dispersion profile of polyelectrolyte so-
lutions depends on chain flexibility. Rod-like polyelectrolytes have a single dispersion
region born out from a convolution of the equilibrium fluctuation of the counteri-
ons along the chain and the rotational diff"usion of the chain itself. For the flexible
chain systems, the fluctuations of the counterions along the chain are tormented by
potential barriers arising from local perturbations of the electrostatic potential due
to their ability to strongly deviate away from linear conformations. This high level
of flexibility produces two dielectric dispersion regions; the high frequency dispersion
regime corresponds to the relaxation of the counterions along locally linear regions
of the chain, while the low frequency regime corresponds to the global relaxation of
counterions along the entire chain.
Muthukumar[74, 75] has provided extensive theoretical work focusing on poly-
electrolyte dynamics and mobility, taking into account parameters such as complex
screening phenomena (due to electrostatic, excluded volume, and hydrodynamic in-
teractions) and chain statistics. His early work focused on establishing an analytical
expression for the electrophoretic mobility of a linear polyelectrolyte chain as a func-
tion of Mu,, and solvent quality[74]. Building on these results, his further work
rigorously established theoretical relationships for radius of gyration, R^, static cor-
relation length,
^,
hydrodynamic screening length, viscosity, rj, self-translational
diffusion coefficient, D and cooperative diffusion coefficient, Dg, and electrophoretic
mobility, //, as a function of Cp and Cs[75]. Colby and coworkers[14] have com-
pared experimental data to theory for the AC conductivity of salt free NaPSS and
the sodium salt of poly(2-acrolamido-2-methylpropanesulfonate), NaPAMS, in the
semidilute regime. They used the de Gennes scaling model[17] to predict the chain
configuration, while their expression for A utilized Muthukumars[74] result for the
mobility of a dilute rodlike chain.
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where iip/^ic is defined as
^
ceeHnji/D)
^^^^^
For both polymer systems, their experimental results compare well to theory for 10~^
< Cp < lO""^, with positive deviations for all other concentrations attributed to excess
residual salt at lower Cp and decreasing counterion condensation at higher Cp.
Even in the presence of this great body of work, a simple yet fundamental question
still remains unanswered; in a polyelectrolyte solution, to what degree do each of the
charged species (chain, counterions, and/or salt) contribute to the bulk conductivity?
How does it depend on polymer and salt concentration? How does the diffusive
profile compare with the conductivity landscape for a given Cp and C^? The chain-
like topology of polyions limits the translational degrees of freedom of the individual
monomers when compared to their motion in a totally unconnected state. When
under an applied potential, how will this topological constraint manifest itself with
respects to the electrophoretic mobility of the polyion chain compared to individual
salt/counterions? Before bulk conductivity can be used as a legitimate tool to measure
polyelectrolyte solution dynamics, these types of questions must be answered. In this
work, we cross-reference the conductive and diffusive properties of a polyelectrolyte
solution as a function of Cp and Csto deconvolute the individual contributions of each
of the ionic species to the bulk conductivity.
1.2 EXPERIMENTAL
All samples were prepared from sodium polystyrene sulfonate (NaPSS) purchased
from Scientific Polymer Products (Ontario, NY) with a M^t,=57,500g/mol, PDRl.l
and were used as delivered. Samples were prepared using a serial ten-fold dilution
method, and mixed well before tested. Deionized water with resistivity of ISMQcm
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was used as the solvent for all measurements (Millipore, Bedford, MA). All conductiv-
ity measurements were taken on a single frequency WTW inoLab 3 pH/conductivity
meter (Weilheim, GER), equipped with a TetraCon 325 cell, which compensates for
polarization effects via a four terminal electrode geometry. Impedance measurements
were done on a Hewlett Packard 3562A digital signal analyzer, with a TetraCon 325
cell modified to interface coherently. The light scattering measurements were made
on an Innova-70 argon laser (A = 514nm), between an angular range of 30° - 150° by
way of an ALV/SP-125 precision goniometer. Scattering intensities were measured
by photon counting and normalized by using distilled toluene as a standard. The
photo-nmltiplier tube used for photon correlation measurements was made by Thorn
EMI Electron Tubes. Mulitexponential decay times (tj) of each correlation curve were
evaluated through a statistical distribution of moments, A(ri), by using an ALV5000
multi-tau digital correlator board and CONTIN software. Diffusion coefficient cal-
culations were done by plotting r(= l/rj) vs q^ and curve fitting to get the slope.
Here, q is the scattering vector, defined as g = (47rn/Ao)sin(0/2), where n is the
refractive index of the solvent, and Ao is the laser wavelength, and 0 is the scattering
angle. The samples for DLS were filtered through a 0.45/im syringe tip filter prior to
testing to cut down on impurity contamination. Viscosity measurements were done
on a Cannon-Ubelholde capillary viscometer immersed in a silicon oil bath atop a hot
plate equipped with a thermocouple feedback to control temperature. Each sample
was also filtered with a 0.45//m syringe tip filter before testing. The solvent viscosity
was taken before each separate experiment to compensate for any other environmental
irregularities.
1.3 RESULTS
Figure A.l displays a over an array of Cp and Cg. The salt free conductivity
remains on the order of the solvent for low Cp, but strongly increases at ~10~^M
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NaPSS. Upon addition of salt, the curves are shifted vertically and the flat regions
extend to higher Cp. Upon careful examination of the salty traces, the transition for
each curve occurs when Cp/Cg ~ 1, with all curves converging at high Cp. Figures
A.2a and A.2b show the a for salt free NaPSS for IQ-^'M < Cp < l.OM as a function
of frequency (1-lOOOHz) and the comparison against static frequency results for the
same samples. The overlap concentration, c*, was approximated by the maxima in the
zero-shear limit viscosity measurements, as shown in Fig. A. 3. In order to deconvolute
the effect of the salt on the bulk conductivity (referred hereto as the "salt-effect"),
the salt free curve in Fig. A.l was subtracted from each salty curve, with the results
shown in Fig. A.4a. The same analysis was done to examine the "polymer-effect"
on the bulk conductivity, i.e. the bare salt conductivity being subtracted from each
salty polymer curve, with the results being shown in Fig. A. 4b.
In order to obtain the quantitative diffusive behavior of our salty polymer samples
in this conductivity transition regime, dynamic light scattering (DLS) experiments
were done for 0.005M, O.OIM, and O.IM KCl as a function of Cp, with the relaxation
time distributions shown in Fig. A. 5. These relaxation time distributions display a
clear bimodal behavior for all Cp and C^ tested. The diffusion coefficients of both
modes were calculated from Fig. A. 5 and are plotted verses Cp in Fig. A. 6a. The
Stokes-Einstein relationship, or
07n]oRh
was used to calculate the effective hydrodynamic radii, R/j, of each mode from its
respective diffusion coefficient, as shown in Fig. A. 6b. In order to arrive at the weight
fraction ($) of polymer in each diffusive mode, the integral under the relaxation time
distribution curve for each mode (Fig. A. 5) was taken and then divided by the sum
of the integrals of both modes, or
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This was done over a range of q values and extrapolated to g ^ 0 to rid the analysis
of any angular dependent scattering effects. The results for different Cp and values
is shown in Fig. A. 8.
1.4 DISCUSSION
The conductivity results below are presented in units of cr, or mS/cm, rather
than A, Scm^/mol. Due to the highly complex and dynamic nature of polyelec-
trolyte solutions, the number of variables involved in quantitatively and accurately
modeling the effective charge per chain is quite large. The models used in the
literature[14, 59, 126, 131], although powerful, are just mathematical manipulations
of raw conductivity data and physical constants. It is felt that the answers sought
by this work are best answered through analysis of specific conductivity, due to the
inaccurate representation of A caused by the inherent two-component nature of poly-
electrolyte chains.
In order to properly proceed with an investigation of the conductivity of this sys-
tem, it is important to establish if there is any frequency dependence on a. Any
Cp- or Cs-dependent relaxation event present in a frequency sweep experiment would
denote a molecular relaxation of a conducting species, thus calling into question the
legitimacy of using bulk conductivity results under static frequency conditions to char-
acterize the solution dynamics of polyelectrolytes. From Fig. A. 2, it can be seen that
there is no frequency dependence of this system due to the near flawless agreement be-
tween the two traces in Fig. A. 2b. This result agrees with previous findings[120], and
thus allowed experimentation to proceed with confidence in our static frequency in-
strument. Furthermore, in order to properly interpret results when studying polymer
solution dynamics, one must also establish the concentration regime(s) (i.e. Zimm
or Rouse) in which the samples are being measured. The results in Fig. A. 3 show
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that the conductivity measurements shown in Fig. A.l span both the dilute (Zimm)
and semi-dilute (Rouse) regimes, with c*~10~"^M in the salt-free case and shifting to
higher Cp as is increased. Although the validity of using this method to determine
c* is under debate, it is safe to assume that it provides one with an upper bound.
1.4.1 The Slow and Fast Diffusive Modes
For polyelectrolyte systems, there is a well documented phenomenon called the
ordinary-extraordinary transition, where the diffusive profile of a given polyelectrolyte
system transitions from a single (ordinary) to two distinctly different diffusion coef-
ficients (extraordinary) as Cp is increased.^ Due to the rather large difference in
magnitude, these two diffusion coefficients are popularly known as the slow and fast
modes. The physical manifestation of the fast mode is attributed to the coupled
dynamics between the salt ions and single chains[75], while the slow mode is that
of multi-chain aggregates. It must be noted that an exact, quantitative description
of the physical manifestation of this slow mode is still highly debated, however the
formation of aggregates from single chains is the most generally accepted explana-
tion thus far. This counterintuitive phenomenon is argued to be driven by fluctuating
counterions along the chain axis forming attractive dipole-dipole interactions between
neighboring chains. Increasing the ionic strength of the solution screens these dipole
interactions, resulting in decreased aggregation. This transition can occur in salt free
solutions, when the dissociated counterion concentration is high enough to provide
the necessary screening to form the fast mode in the salt free case. Investigating
the diffusive profile of a polyelectrolyte system is crucial to allocating the individual
contributions of each ionic species to the bulk conductivity. The following sections
2Refs[4, 5, 10, 15. 23, 24, 25, 26, 34, 35, 40, 42, 43, 62, 68, 69. 70, 82, 84, 86, 94. 95, 96. 97. 98,
99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 112, 118, 123, 135, 137]
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discuss the DLS results obtained for salt-free and added salt solutions from Fig. A.l,
and their impact on the bulk conductivity.
1.4.2 The Salt Free Case
At Cp < 10~^M the concentration is too low to obtain quantitative diffusive in-
formation through DLS. Moreover, since the samples were prepared by ten-fold serial
dilution, it is likely that there are very few, if any, chains in these solutions. This,
coupled with the near solvent values for a in this Cp region suggests that the con-
ductivity at Cp < 10"^ is being driven by residual counterions or impurities in the
solution. At Cp > 10~^M, the concentration is high enough for the diffusive prop-
erties of this system to be measured by DLS. Within this concentration range, only
the slow diffusive mode is present in the salt free solutions, as shown in Fig. A. 6.
From Fig. A.6 and A. 8, it is clear that diffusivity, and therefore the electrophoretic
mobility, of the polyion chains in the salt free case is a factor of ~100 slower than
that of the counterions. It is well known that when a polyelectrolyte chain is put into
solution, a large fraction of its counterions dissociate due to the gain in translational
entropy associated with this phenomenon. When many chains are present, these free
counterions will greatly outnumber the polyion chains present in the solution. This
behavior, coupled with the DLS results conclude that the increase in conductivity
for the salt free case must be governed by an increase in free counterions in solution.
Furthermore, it is important to note that the slope of the salt free curve in Fig. A.l
becomes linear for Cp>10~'*M. Our conjecture coupled with this linearity denotes
that the chain ionization constant, /, remains constant as Cp is increased. If /were
changing as a function of Cp[83], this slope would exhibit a nonlinear form, which it
clearly does not.
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1.4.3 The Added Salt Case
The magnitude of each a^ff in Fig. A.4 directly relates to the contribution of
that particular species to the bulk conductivity. The analysis of Fig. A.4a shows
that all of the salt-effect curves have lower (Tg^eff than that of their corresponding
bare salt case, which is evidence of counterion condensation. For all Cp studied, the
added salt has a constant, but prominent effect on a quantified by Os^eff ranging from
~0.25 - 7. Figure A.4b shows that the presence of the polyelectrolyte starts to affect
the bulk conductivity of a salty polyelectrolyte solution at Cp > O.OOIM, with Op^(.ff
increasing from ~0 to 4 for 0.001 > Cp > O.IM. This discrepancy between Gg^efj
and <7p.e// for a given Cp/Cg reveals that the added salt drives a at low Cp/C^, and
the presence of the polyelectrolyte causes the increase in bulk conductivity shown in
Fig. A.l. Since polyelectrolytes are two component systems (the charged backbone
and its respective counterions), its contribution to a could be from either component.
Angular dependent DLS results for Cp/Cg > 1 were done to deconvolute the effect
from each of these components.
Figure A.6a shows the presence of both diffusive modes for all values of Cp and C^
studied. The diffusivity of each mode differs by up to two orders of magnitude in value,
with the fast mode diffusivity approaching that of the KCl as Cp/C^ increases. This
behavior of the fast mode is consistently observed experimentally [23, 24, 25. 34. 35.
40, 42, 70, 82, 98, 112, 123] and has been theoretically explained by Muthukumar[75]
to be caused by the dissociated counterions/salt ions producing an induced electric
field in the local environment of the chain which, in turn, enhances its diffusivity.
Figure A.6 also shows the slow mode diffusivity decreases with increasing Cp, ranging
from a factor of 100 to ~1000 times slower than D^'c/- This result is expected due to
the aggregate nature of the slow mode, underscored by Figure A.6b which shows the
size (R/i) of the aggregates increases to over lOOnni. To further quantify the size of the
aggregates for the added salt solutions, the slow mode molecular weight was obtained
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by a two-step process[135, 138]. First, Zimm analysis of the total scattering intensity
of the solution (Eq. 1.18) was done as a function of
,
and after extrapolating
to g=0, an apparent molecular weight {M-vj^app) of the solution was obtained. This
molecular weight information allowed the aggregate molecular weight to be calculated
(Eq. 1.19), with the results shown in Fig.A. 7.
7—1/ \ -^s -^solution ^solvent ,
-,
-, o\
I (9) = Xrri 1 (^-1^)
^/ I 'toluene
^'^w,app (1 -^^w^agg ~l~ {^) -^^WySinglechain (^•^^)
It is clear from this result that as Cp is increased, the molecular weight, and thus size
of the slow mode aggregates increase as Cp/Cg increases.
In order to make this diffusivity data relevant towards understanding the chain
contribution to the bulk conductivity, the weight fraction ($) of chains in each mode
was calculated, as shown in Fig. A. 8. For 0.005M KCl, $ remains very large as
a function of Cp; increasing from ~85% to ~95%. When is doubled (O.OIM
KCl), $ is shifted down due to the increased electrostatic screening suppressing chain
aggregation. Nevertheless, the same general trend applies, increasing from ~60% to
~80% as Cp is increased. Finally, for the highest salt concentration (O.IM KCl),
the slow mode curve shifts dramatically, starting at ~18% and increasing sharply to
~90%. From this analysis it is clear that the majority of the polyelectrolyte chains
for Cp/Cg >1 are in the slow mode.
Thus, the mechanism for the bulk conductivity of NaPSS with KCl becomes clear.
For the salt free case, the transition in a is driven completely by these dissociated
counterions, while for the salty case it is caused by the concentration of free counte-
rions approach toward, and then surpassing that of the added salt. Thus, the Cp/Cg
~1 transition point is expected; a larger concentration of free counterions, and thus
polymer, is needed to increase a at higher Cg. Further evidence for this mechanism
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lies in the convergence of all curves at the highest Cp. If the added salt was affecting
the conductivity in this high Cp range, one would expect the level curves of Cg to be
shifted up the ordinate of Fig. A.l, similar to the behavior at low Cp, which is clearly
not observed. The fact that these curves converge tells us that, no matter the Cs,
the conductivity is only a function of Cp and thus is governed by these chain-born
counterions.
1.4.4 Implications on Equivalent Conductivity
This mechanism can be extended to explain the inverse dependence of A on Cp
for polyelectrolyte systems[14, 49, 59, 124, 125, 126, 127]. Figure A. 9 displays A
versus Cp for salt free NaPSS, with A being calculated by Eq. 1.11. The qualitative
similarity of A for polyelectrolyte systems to the small ion results is born out from
the fact that a is being driven completely by counterions in the solution. As Cp
decreases, there is a corresponding decrease in free counterion concentration which
causes each counterion to have a larger individual contribution to cr. The change in
slope in Fig. A. 9 at Cp ~10~'^M corresponds to concentration in Fig. A.l in which
a begins to increase for the salt free case. Based on the previous explanation for
the salt free conductivity, this decrease in slope is due to the transition from pure
counterion-counterion interactions (Cp < 10~^M) to both counterion-counterion and
counterion-chain interactions (Cp > 10~^M) influencing the ion motion. Based on the
conjecture presented above, analyzing A for polyelectrolyte solutions will elucidate
information on chain/counterion interactions, but does not provide insight into the
motion of individual chains in the solution.
1.5 CONCLUSION
By combining bulk conductivity and dynamic light scattering data over an array
of Cp and C^, we argue that the charged chain does not translationally contribute
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to the bulk conductivity for salt free or salty polyelectrolyte solutions. For salt free
solutions, ~100% of the chains are in the slow diffusive mode, with diffusivities >100
times slower than the dissociated counterions in solution. Thus the bulk conductivity
is only representing the motion of counterions rather than any translation motion of
the chain. For salty solutions, the weight fraction of the much faster diffusing salt
far outweighs that of the slower salt-single chain coupled diffusion when Cp/Cg >
1. Thus in this regime, it is the conductivity of the salt that is being measured.
As Cp/Cg moves up and through unity, the polymer chain dynamics split to form
a bimodal diffusion profile, with slow and fast modes. As Cp/Cg is increased, the
weight fraction of polymer in the slow diffusive mode increases to ~90% (for all Cg).
Thus, the increase in a at Cp/Cg ~1 is due to the free counterion concentration
exceeding the added salt concentration, thus dominating the conductive landscape.
The results of this work call into question the utility of commercial conductivity
meters for understanding solution dynamics of single polyelectrolyte chains.
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CHAPTER 2
TRANSLOCATION OF SYNTHETIC
POLYELECTROLYTES THROUGH a-HEMOLYSIN
PROTEIN PORES
2.1 INTRODUCTION
Translocation of single molecules of polyelectrolytes, such as DNA and proteins,
and their complexes with other polyelectrolytes through narrow confinements, such
as protein pores and nuclear pores, is one of the most crucial elementary processes
of life. Without the ability to allow molecules to pass through the lipid bilayers
that define the nucleus from the cytoplasm, as well as the cell from the extracellular
matrix, cells would cease to function properly. This process of a molecule traversing
from one side of a bilayer to another via protein pore, or translocation, is vital for
the firing of nerve cells, intracellular protein transfer, viral genome injection into a
host cell, as well as many biological events. Typically, translocation is mediated by
a protein complex (or transmembrane protein) that self-assembles to form a hole in
the membrane layer. The driving force for transmembrane protein insertion is the
burying of its hydrophobic regions into the low dielectric middle section (e ~ 3) of
the lipid membrane. Without this protein pore, the salt ions/large molecules could
not traverse the membrane due to the above mentioned low dielectric constant of the
middle section. Once the pore is inserted, a molecule translocates under a variety
of different driving forces, one of which is the membrane potential. This potential is
formed by a differential concentration of salt ions across the membrane, thus creating
a field to drive a charged molecule through the pore. A molecular understanding of
translocation remains challenging due to the non-equilibrium dynamics of the polymer
19
molecule, which are dependent on details of the chemical architecture, secondary-
structures, heterogeneous distribution of electrical charges and hydrophobic domains,
etc., involving a hierarchy of length scales.
A majority of protein pore translocation research has focused on utilizing the
Qf-hemolysin pore system. The a-hemolysin protein pore is a heptameric complex pro-
duced by the Staphylococcus aureus bacteria which self-assembles to form a mushroom-
shaped single pore structure[113], as shown in Fig. B.l. The governing mechanism
for detection in this technique is visually described in Fig. B.4. When an open pore
is free of any polymer chains, the current observed is due to the flux of salt ions in the
buffer solution passing through the channel in response to an applied potential. Sim-
ulation work by Aksimentiev[2] and Muthukumar[79] have shown that the gradient
of the potential, or electric field strength, is largest within the /^-barrel region of the
a-hemolysin pore, thus the approach of the chain to the pore is diffusion driven. Once
a chain enters the pore from the donor (cis) chamber, the electrostatic force pulls the
chain into the pore and the baseline current is decreased to a value that is dependant
upon the amount of steric blocking by monomers present inside the /^-barrel of the
pore. This current during this interaction is referred to as the blockade current. It,. If
the chain contains two or more different repeat units with significantly different size,
the level of current blocked is an indication of which chemical species is traversing the
pore at that specific time. The duration of this blocking, referred to as the transloca-
tion time (r), depends on the length of the chain, i.e. the longer the chain, the longer
the current level, I;,, will be observed. Once the chain exits into the acceptor {trans)
chamber, the translocation event is complete and another chain is free to repeat the
same process. The translocation time also depends on the potential applied to the
system. This is due to the fact that as the potential is increased, the electrostatic
force exerted on the chain during translocation is also increased, resulting in a shorter
average r for a fbced N.
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The pioneering work in O'-hemolysin translocation [48] focused on investigating its
use as single molecule detection device, or Coulter counter, for small polyethylene
glycol polymers, however the largest impact of a-hemolysin has been its use as a se-
quencing device for biological polyelectrolytes, such as single-stranded DNA (ssDNA)
and RNA[1, 7, 11, 18, 39, 45, 46, 61, 64, 65, 66, 67, 72, 80, 81]. This body of work
studied the translocation of homopolymericfl, 7, 45, 64, 67, 80] and multiblock[ll,
66, 132] nucleotides, leading to an understanding of molecular weight[45, 66, 67] chain
orientation[ll, 61], primary[l, 61, 132] and secondary structure[l] effects of the poly-
mer, as well as kinetic properties such as the rate and probability of capture and/or
release[7, 65, 80] of the polymer to/from the protein pore. Further investigations
focused on understanding the detection capabilities and unzipping kinetics of short
DNA hairpin molecules[92, 122, 134], as well as improving the detection resolution
and efficiency through chemical modification of the a-hemolysin pore[37, 44, 46, 121].
Although rough sequence discrimination was shown to be possible with a-hemolysin,
single-base resolution was not attainable due to the relatively large length (~ 5nm)
of the a-hemolysin pore. As will be discussed in the next chapter, this has shifted
the focus of sequencing based translocation experiments to utilize synthetically made
pores on the nanometer length scale[29, 31, 32, 38, 51, 52, 115. 116]. There has
been a strong theoretical eff'ort towards understanding the physics of polyelectrolyte
translocation[3. 8, 16, 21, 22, 53, 63, 76, 77, 78, 79, 93, 117], focusing mainly on the free
energy consequences of chain/pore interactions as a function of confinement [77. 78].
chain stiffness[8], and phase state of the chain[21].
Although this past work was couched in the context of the sequencing technology,
it also serendipitously paved the way for an experimental effort towards understanding
how DNA or RNA migrate through narrow pores. Inspired by these developments, we
report here the results of the first demonstration of translocation of single molecules
of synthetic polyelectrolytes through protein channels, thus paving the way for a
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fundamental understanding of how macromolecules worm through pores. We demon-
strate here how single molecules of sodium poly(styrene sulfonate) (NaPSS), varying
over two orders of magnitude in the degree of polymerization, can be pulled in aque-
ous media by an externally applied electric field through the a-hemolysin channel
embedded in a lipid bilayer. Although the experimental setup and the measure-
ment protocol are identical to the original investigation involving DNA[45] this work
demonstrates that synthetic polymer translocation displays many significant distin-
guishing features when compared to the behavior of DNA or RNA. The elucidation of
the macromolecular mechanism of translocation is now made accessible by resorting
to the broad spectrum of synthetic molecules with controlled designs in future exper-
iments. Synthetic polyelectrolytes are heavily utilized to mimic the conformational,
configurational, and electrostatic characteristics of biomolecules, thus understanding
the interaction of synthetic polyelectrolytes in the biological arena opens up tremen-
dous opportunities for systematic investigations of translocation of artificial proteins
with diluted chemical sequences. Further, another experimental methodology is pre-
sented to characterize synthetic polyelectrolytic materials directly in aqueous media
and this avoids the complexities encountered in the standard separation protocols
such as the Gel Permeation Chromatography.
2.2 EXPERIMENTAL
2.2.1 Materials
Polystyrene sulfonate (NaPSS) was purchased from Scientific Polymer Products
(Ontario, NY) with M^,=l,600g/mol, 16,000g/mo], 57,500g/mol, 100,000g/mol, and
500,000g/mol with polydispersity indices (PDI) of 1.12, 1.13, 1.10, 1.17, 1.24, respec-
tively. All molecular weights had >90% sulfonation and were used as delivered. The
sodium salt of polyacrylic acid (PAA, Sigma Aldrich) with M^, = 5kg/mol. Samples
were prepared using a l.OM KCl/5mM HEPES buffer solution (pH = 8) and mixed
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well before being tested. Double deionized water with resistivity of ISMflcm (Milli-
pore) was used as the solvent for all measurements. The lipid used was diphytanoyl-
PC (Avanti Polar Lipids), while the protein used was ^-hemolysin toxin from Staphy-
lococcus aureus (Calbiochem) and both were used without any further purification.
2.2.2 Bilayer Formation and Translocation Protocol
All translocation experiments were done utilizing a similar horizontal bilayer ap-
paratus as used in Ref.[l, 9, 39, 45, 66, 67]. FigureB.2 displays the entire translocation
instrument, while Fig. B.3 shows the experimental stage in which chain transloca-
tion takes place. All experiments were carried out inside a Faraday cage in order to
insure low ambient noise. Ionic current was recorded using an Axopatch 200B inte-
grating patch clamp amplifier (Axon Instruments, CA) in the voltage-clamp mode.
The lipid membranes were formed across a <100//m aperture at one end of a Teflon
tube, known as the cis side. The delicate process of membrane formation begins with
a diphytanoyl-PC lipid/hexane pretreatment step to aid in membrane binding to the
Teflon tube. Approximately 5/uL of a 2mg/mL lipid/hexane solution is gently placed
onto the patchtube hole on the cis side. Once this is completed, the solution is ex-
pelled from the patchtube by pushing air from the trans side through a syringe. This
process should be repeated at least 3 times, and then let dry for at least 30-60min. Af-
ter the drying is complete, both the cis and trans chambers are filled with "K-Buffer"
,
or a l.OM KCl lOmM HEPES pH 8.0 solution, by pushing the solution through the
patchtube via syringe attached to the trans end of the patchtube. Once the patch-
tube, cis, and trans chambers are filled with K-Buffer, the Ag-AgCl electrodes are
hooked into the Teflon stage, proper connections to the headstage are made, and the
amplifier and oscilloscope are turned on. The amplifier should be switched to "Seal
Test" mode (5mV, 60Hz square wave), and the pipette offset should be adjusted to
zero out the current. At this stage, there should be a square waveform on the oscil-
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loscope. Adjust the oscilloscope to have ImV/division on the y-axis and 25/is on the
X-axis. At this stage, if all of the above readings occur, the stage is now ready for
membrane formation. Membrane formation occurs by gently dipping a 20//L pipette
into a 25mg/mL solution of diphytanoyl-PC lipid/hexadecane solution, then pipet-
ting the excess solution inside the pipette tip into a Kimwipe and vigorously rubbing
off the pipette tip. The pipette tip is then carefully dipped into the cis chamber with
the plunger completely open, brought to the edge of the patchtube, and a bubble
is blown over the patchtube hole by pressing down on the pipette plunger. When
a bubble rests on top of the patchtube, the oscilloscpe shape should change from a
square wave to a skewed Gaussian shape with an amplitude of ~1-1.5V. It is im-
portant to note that it is difficult to get a bubble to adhere to the patchtube in the
beginning of this process, however after a few attempts one should be successful. If
a bubble will not stick after numerous attempts, or if the oscilloscope waveform does
not change upon bubble formation, the pretreatment is likely insufficient or there is
a current short due to buffer leaking or spilling onto the stage or carriage. Once the
stability of the pretreatment is verified, remove the bubble from the patchtube hole
using the pipette then repeatedly apply and remove bubbles to the patchtube until
the oscilloscope shows a this Gaussian-like wave form with an amplitude of ~2.0-
2.2V, which translates to a resistance of ~200GQ. This is the proper capacitance,
and thus thickness, to allow ^-hemolysin to insert into the lipid bilayer. Test the
stability of the membrane by switching the amplifier to "On" and reversing the elec-
trode polarization multiple times. A bilayer formed that satisfies these conditions can
be stable for many hours at voltages up to 180mV. This is the most difficult step in
this experimental process due to the delicate nature of lipid application, inconsistent
quality of the pretreatment, erratic adhesion behavior of the lipid, declining quality
of the patchtube, etc. Once a stable membrane is formed, ~2//L of a 0.04/ig///L of
a protein/K-buffer solution is introduced to the cis chamber (~0.04/ig) and allowed
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to self assemble to form a pore. The determination of single pore insertion is done
through the magnitude of the current flux; a single pore yeilds a current of IpA/mV
of applied voltage in the above-described buff'er. Forming a single pore is a tedious
process which can take minutes or hours to complete. Pore formation can be expe-
dited by destroying and reforming a membrane through the method described above.
This is possibly due to the bubble forming process driving protein to the lipid/water
interface, however this observation is purely empirical at this point. Once a single
pore is inserted, make sure the potential is out of Seal Test mode and the polarization
is in the forward direction. Maintain a potential of <120mV for ~5min to allow the
pore to stabihze. Next, ~15/[/L of a 0.5g/L NaPSS/K-buffer solution is added to the
CIS chamber, the voltage is set to its desired value, and events are recorded with a
ZjjLS sample rate, and filtered at lOkHz with a 4-pole low-pass Bessel filter. For each
Mu, tested, roughly 1500-2000 events are recorded to insure high quality statistics.
Analysis was carried out using pClamp9.2 software (Axon Instruments, CA) in the
single-channel mode.
2.2.3 Dynamic Light Scattering
The light scattering measurements were made on an argon laser, with a wavelength
of 514nm, between 35 to 135° of 0.5M NaPSS buffer solutions. Scattering intensities
were measured by photon counting and normalized by using distifled toluene as a stan-
dard. An ALV5000 PMP/PTP board was used for photon correlation measurements.
Mulitexponential decay times (rj of each correlation curve were evaluated through
a statistical distribution of moments, A(rj), by using CONTIN software. Diffusion
coefficient calculations were done by plotting F (=l/r,) vs. and curve fitting to get
the slope. Here, q is the scattering vector, defined as q= (47rn/Ao)sin(0/2), where
n is the refractive index of the solvent, and Aq is the laser wavelength, and 6 is the
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scattering angle. The samples for DLS were filtered through a 0.45/im syringe tip
filter prior to testing to limit impurity contamination.
2.3 RESULTS
2.3.1 Translocation Time
Figure B.5 shows the histogram of translocation time, r, for sodium polystyrene
sulfonate (NaPSS) at 160mV applied potential. There are two peaks for each molecu-
lar weight; one at <lms which is independent of N, and a second that shifts to larger
T as N is increased. Plotting these second peak values versus N, as shown in Figure
B.6a, shows the r scales linearly with N. The dependence of r on applied potential
(AV) is shown in Fig. B.6b, where r displays a linear scaling behavior with 1/AV,
thus
r~— . (2.1)
Dynamic light scattering was done to confirm that the presence of the protein complex
is affecting the overall chain dynamics of the system. Figure B.7 confirms the solution
is in a good solvent, with ~ N~°^^.
2.3.2 Translocation Current Blockade
The histogram of I^/Io was plotted as a function of N, with the results shown in
Fig. B.8. As N is increased, the amount of blocked current increases, and eventually
at the highest molecular weight, multiple peaks start to emerge. Prom 1.6kg/mol to
57kg/mol, each N only has one peak, however at lOOkg/mol, there is a clean second
peak at ~0.27. Finally, at 500kg/mol, there are three peaks that are separated and
clearly defined.
2.3.3 Event Diagram
Figure B.9 displays the scatter plot of I^/Io vs. r for NaPSS at 160mV as a
function of molecular weight. The ordinate of this plot is the average Ib/Io, and the
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abscissa is r, with each point corresponding to a single (r, I^/Io) pair. This plot
consisted of three main regions of events; a monotonically decreasing region at weak
blockades (Ib/Io > 0.5 and r < 0.1ms), a large banding region and moderate blockades
(0.35 < \b/\o < 0.5), and a cluster of events at high blockades (0.2 < I^/Io < 0.35).
Each of these regions have distinctly different ionic current traces, which are shown
in Fig.B.lO, alluding to a series of discrete interactions between the polyelectrolyte
and protein pore.
2.4 DISCUSSION
2.4.1 Solution Quality
It is well known that if a polymer chain is in the dilute regime and in a good
solvent, the radius of the chain, R, goes as R ~ N*^^, and thus chain motion will be
governed by Zimm dynamics. Figure B.7 clearly shows this system is in this regime,
with R/, ~ N^-^'^. The longest relaxation time (T,i,^,„), i.e. the relaxation of the
entire chain, for a polymer in the Zimm regime goes as Tzimm ~ N^-^. Thus, if a
time-dependent property of a system is being measured and does not scale like N^-^,
then the chain motion is not being governed solely by random thermal forces. In the
case of translocation, one would not expect to observe this scaling behavior for r due
to the presence of the large potential drop inside the pore [2] that provides the driving
force for translocation. This is, in fact, what is observed in Fig. B.6a as r ~ N, rather
than N^-^
2.4.2 The High Blockade Clusters (0.2 < I^/Io < 0.35)
The ionic current signature for events within the high blockade clusters possess
two distinct levels; a mid-level sub-blockade section, If,j , and a deeper sub-blockade
section, 1^2, as shown in Fig. B.12a. Following the standard analysis method for q-
hemolysin translocation, the events in Fig. B.9 were calcuated by taking the average
Ift/Io for the duration of the event, as shown schematically in Fig. B.rib. When using
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this analysis method, Fig. B.6 show that r for these high blockade clusters exhibit a
strong qualitative comparison with previous results for polynucleotide translocation
through a-hemolysin [45]. Furthermore, when r is plotted versus the ratio A^/AV,
as shown in Fig. B.ll, there is a clear linear scaling behavior between these two
parameters. Based on this result, it is the high blockade clusters in that represent the
successful translocation events, while the remainder of the events in Fig. B.9 represent
failed translocation. It is important to emphasize that the analysis method shown in
Fig. B.12b has been the standard analysis protocol for the majority of Q;-hemolysin
translocation research published to date. However, this analysis method is not the
most accurate way to calculate r or h/^o due to the presence of the deep sub-blockade
region within the event skewing both parameters. The data was reanalyzed using the
protocol shown in Fig. B.12c, which calculates r and Ifc/Io for each sub-blockade of a
given event, with an example result being shown in Fig. B.13. It must be noted that
this analysis method did not discriminate between events possessing either a single-
level (Fig. B.lOb) or sub-blockade (Fig. B.lOc) profile, but did filter out the events
shaped like those shown in Fig. B.lOa. The comparison between these two analysis
methods (Fig. B.14) shows that single-level and mid-level sub-blockade events make
up the banding regions in Fig. B.9, while the deep sub-blockade events correspond
to the high blockade clusters, i.e. the successful translocation events. This result can
be underscored by the strong agreement between Fig. B.ll and T2 versus N/AV, as
shown in Fig. B.15. In order to better understand the physical origin behind the
failed translocation events, or events with h/lo > 0.35 in Fig. B.9, the results above
were compared with Langevin dynamics simulations of polyelectrolyte translocation
through charged nanopores[33]. The result is a mechanistic map which can account
for the chain/pore interactions that cause the weak blockade and banding regions in
Fig. B.9.
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2.4.3 The Weak Blockade Region
The comparison between Fig. B.9 and simulation results[33] lead one to believe
that the events inside the weak blockade region represent failed translocation events
in which a chain end that is within the lumen of the pore is probing the /5-barrel to
a given depth, causing a systematic decrease in I^/Iq as the chain end injects deeper
into the channel. This result would be in agreement with previous results from Meller
et al.[66] that show that Ib/lo is inversely proportional to the chain length for chains
shorter than the length of the /^-barrel. However, due to the recorded events being
filtered at lOkHz, the shape of the weak blockade region is likely due to the signal
resolution being diminished. The effects from this filtering explain the short-lived,
spiked shape of the current traces in this region, as shown in Fig. B.lOa. It is
thought that at a higher filtering rate, the events within this weak blockade region
would appear more like the defined events shown in Fig. B.lOb. We believe that this
/5-barrel probing observed in the simulations is a real phenomenon, but cannot be
resolved in this work due to the choice of filter frequency. Further experimentation
with higher filter frequencies could allow this /^-barrel mechanism to be resolved
experimentally, leading to the direct measurementation of the interaction strength
between the given polymer system and o-hemolysin.
2.4.4 The Banding Region
The crystal structure of Q-hemolysin[33, 39, 113] shows that there is a net negative
charge at the trans end of the /3-barrel caused by deprotonated aspartic acid residues
at experimental conditions. The consequence of this negative "collar" is that as a
chain end approaches the end of the /^-barrel, its motion is arrested due to like-
charge repulsion between the chain and these negatively charged amino acids. When
in this arrested state, the chain does not fill the entire /^-barrel which results in a
higher current flux when compared to the completely filled state[66]. Thus, it is this
arrested chain state that causes the large banded region of Fig. B.9. This arrested
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state can either be a "failed" event, in which the chain is unable to overcome this
electrostatic barrier and ejects back into cis chamber, or a "stalled" event, in which
the chains motion is stopped for a given period of time before eventually overcoming
the electrostatic barrier and successfully translocating through the pore. Nevertheless,
Fig. B.14 shows that both the failed and stalled cases possess the same h/lo value, and
thus are the events that make up the mid-level blockade bands. The simulations [33]
provide convincing evidence to this conjecture. When the electrostatic collar is absent,
only the weak blockade region and translocation clusters are present in the event
diagrams. However, all three regions of Fig. B.9 are recovered once the electrostatic
collar is present. Finally, once a stalled chain begins to translocate, h/lo drops to
its lowest value due to the complete filling of the /^-barrel during this event, thus
completing the physical mechanism behind the two-level events shown in Fig. B.lOc.
2.4.5 Free Energy Landscape
From an energetic standpoint, the free energy landscape for an a-hemolysin translo-
cation event is composed of two main barriers, as shown schematically in Fig. B.16;
an entropic barrier caused by the loss in configurational entropy associated with the
chain end insertion into the /3-barrel[76], and an enthalpic barrier caused by the pres-
ence of this electrostatic collar at the end of the /^-barrel. The effect of applied voltage
on the enthalpic barrier can be seen in Fig. B.17, where a typical scatter plot for a
fixed A'^ as a function of AV displays the translocation clusters shifting to lower r as
AV is increased and the bands shifting to lower I/Io as AV is increased. This band
shifting is to be expected as the enthalpic barrier is weakened, allowing the stalled
chain end traverse further down the /^-barrel resulting in the subsequent drop in I^/Io-
Furthermore, Fig. B.18 shows that an increase in AV allows more stalled chains to
overcome the enthalpic barrier, resulting in a higher fraction of successful transloca-
tion events. This free energy landscape agrees well with proposed models for cationic
polynucleotides [72] and neutral PEG systems[47], yet it is the first attempt to map
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the translocation free energy for a synthetic system. Needless to say, further exper-
imental and simulation work with both negatively and positively charged synthetic
polyelectrolytes is ongoing in order to fully understand the parameters that govern
the height of each of these barriers.
2.4.6 N = 1.6kg/mol
For N=1.6kg/mol, the shape of the events in Fig. B.9 are much different than for
all other values of N. Due to this being the only oligomeric molecular weight tested,
it is unclear if there are successful translocation events enveloped within the dense
region in Fig. B.9, thus only a conjecture as to the physical state of the chain for
this molecular weight can be made. Since the chain length of this molecular weight
(~2.4nm) is less than the diameter of the lumen (~3.6nm), it is felt that the the
behavior of these chains with O'-hemolysin is a convolution of two physical events;
entropically trapped chains inside lumen, and successful translocation events. Due
to its contour length being smaller than the lumen diameter, it is highly probable
that once a chain fully enters the lumen, it is more entropically favorable to remain
there than to initiate translocation. This entropic trapping of small molecular weight
chains introduces a local minimum in the free energy landscape, as shown in Fig.
B.16. However, it is felt that this entropic trapping is not represented in the data
shown in Fig. B.9. As mentioned previously, Meller et al.[66] concluded that Ib/lo
is inversely proportional to chain length for lengths smaller than the /^-barrel, thus
the cluster in Fig. B.9 must be representing successful translocation events. More
oligomeric molecular weights must be tested in order to fully understand this scatter
plot shape.
2.4.7 Lumen Partitioning
Although it is likely a physical reality, it is important to note that this mechanism
does not recognize the partitioning of the chain into the lumen of the pore[12] as a
significant factor in either the failed translocation or stalled chain events for My. >
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16kg/mol. This is due to the R/, of these chains, shown in Fig. B.7, being much larger
then that of the lumen, ~2nm. Previous findings by Howorka et al[41] show that a
covalently attached poly(ethylene glycol) (PEG) chain that is fuhy partitioned inside
the lumen decreases the open pore current by only 18%. Later work by Bayley and
coworkers[71] utihzed site-specific mutagenesis to modify two cysteine units (T117C
and L135C) within the /^-barrel of the O'-hemolysin protein to dial in specific interac-
tions between the protein and a modified PEG polymer molecule. When the modified
PEG molecule attached itself to the interior of the /^-barrel, a ~ 63% drop in baseline
current occurred, which is nearly identical to the observed current drop for I^j shown
in Fig. B.9 as well as the previously reported DNA/RNA cases[12]. Based on these
results, we believe that the physical explanation behind I^j for these two-level events
cannot be the chain filling the lumen of the pore, but rather an electrostaticlly stalled
chain within the /^-barrel.
2.4.8 Role of Polydispersity
It is prudent to point out that since these are synthetic polymers, polydispersity
in chain size caused by deviation from ideal chain initiation/termination behavior
is present. The polydispersity (PDI) of each of the samples used here range from
1.1-1.2, being fairly low but far from ideal. Although the r(N) behavior in Fig. B.6
agrees qualitatively well with the biopolymeric system, the peaks are much broader
than the ssDNA/RNA case [45], which would be expected for a polydisperse system.
A systematic study over a range of polydispersities could allow this translocation
technique to be a method by which to characterize PDI through analysis of the
standard deviation of the translocation time.
2.4.9 Polyacrylic Acid
Unlike DNA or RNA, synthetic polyelectrolytes can be synthesized from a variety
of different monomer systems, allowing one to tune properties such as hydrophobicity,
32
charge density, and stiffness. In the context of a-hemolysin translocation, changing
any one of these parameters could drastically alter the translocation dynamics. All
of the results up to this point have focused on a single polyelectrolyte system having
a hydrophobic backbone (polystyrene) and high charge density (>90%). The NaPSS
system discussed above was given its charge after the polymerization process, through
exposure to fuming sulfuric acid and subsequent titration with NaOH. Like in all
chemical reactions, this sulfonation process does not continue to completion, thus the
hydrophobic nature of the backbone is exposed for <7% of the chain. The consequence
of this is the added complexity of chemical heterogeneity in an otherwise homogenous
system, which will have an effect on the way the chain interacts with the a-hemolysin
pore. The effect of polymer-protein interactions has been investigated by Bates et
al[7] though calculation of the escape probability of ssDNA from cv-hemolysin in a
zero-field environment. These experiments yielded two characteristic timescales; a
short time scale associated with unhindered polymer escape, and a second, longer
escape time due to DNA-protein interactions. These results highlight the need to
understand how different polyelectrolyte systems interact with a-hemolsyin.
In order to investigate the effect of backbone hydrophobicity, the sodium salt of
polyacrylic acid (PAA) was introduced into the same experimental setup as described
above. This polymer system is naturally charged by the presence of the carboxylic acid
moiety on the side group. Although it is not exactly known, it is assumed that NaOH
titration was done to exchange Na"*" for H+. As shown in Fig. B.19, this system
has a very different current trace when compared to NaPSS. In this experiment,
~15^/g/mL of each polymer was introduced into the cis chamber and the applied
voltage is incrementally increased as the data is recorded. What is immediately seen
in Fig. B.19 is that the PAA current trace is more irregular when compared to
NaPSS. While the NaPSS events have two distinct blockade currents over the range
of voltages, the PAA trace has sporadic, low amplitude events at low voltages, with
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frequently occurring noisy events being introduced at higher voltages. Based on the
mechanism described in the previous sections, the conjecture is that the short, erratic
events represent chain-end probing of the /^-barrel, due to Ib/lo having no consistent
value. The noisy events will persist for extended periods of time until the polarity of
the electrodes is reversed, after which the baseline current is quickly recovered. This
behavior is also characteristic to the cis side of O'-hemolsyin, as shown by Fig. B.20.
This plot shows the result of an experiment where PAA was in both cis and trans
chambers, and the electrode polarity was switched at three different voltages. For all
voltages tested, this behavior is persistent only when the forward voltage is applied,
i.e. when the chains are being driven from the cis to the trans chamber. It could be
argued that these deeply blocking, noisy events are successful translocations of PAA,
however polyacrylic acid has a thinner ionic radius than NaPSS, thus the blockade
current for a successful translocation event for PAA should have an h/lo value less
than ~ 0.25 as is seen for NaPSS. It is clearly seen in Fig. B.19 that the current
for these noisy events consistently approaches zero, thus these noisy events are likely
due to chain "jamming" within the /i-barrel and/or lumen of the protein pore rather
than successfully translocating chains. It is felt that this jamming is caused by the
hydrophobic nature of PAA causing an increase in interaction strength between the
chain and Q-hemolysin. As a consequence of this highly inconsistent behavior, the
statistical analysis done for NaPSS could not be done for this system. More work
with PAA at varying M^, and charge densities must be done to confidently explain
the behavior of synthetic polyelectrolytes with hydrophilic backbones.
2.5 CONCLUSION
We show the successful translocation of NaPSS through a-hemolysin protein pores.
From novel analysis methods and simulation data, a two-barrier free energy landscape
for translocation of was proposed. The entropic barrier is caused by the loss in con-
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figurational entropy upon chain end insertion into the /^-barrel, while the enthalpic
barrier is due to electrostatic repulsion between the chain and the negatively charged
collar at the trans end of the /^-barrel. The combination of these two energetic barri-
ers results in unique current signatures for successful translocation events. Successful
translocation of a more hydrophilic polyelectrolyte, PAA, was unable to be detected.
This is likely due to the imperfect sulfonation process allowing for portions of the
hydrophilic backbone to be exposed to the local chain environment, thus increas-
ing the interaction strength between PAA and cc-hemolysin. The result is transient
probing of the /^-barrel, or chain jamming inside the lumen and/or /^-barrel region of
pore. Immediate consequences from this work show that a-hemolysin pores can be
used as an alternative molecular weight characterization technique for polyelectrolyte
systems. Most importantly, this work shows that this technology provides one with
an incredible amount of dynamic information that could be used to investigate the
behavior of a variety of polyelectrolyte systems and experimental scenarios, all on the
single molecule length scale. It is clear that this work unlocks the potential of an
extremely powerful characterization tool for the synthetic polyelectrolyte community.
It is felt that future experimentation of synthetic polyelectrolytes dynamics through
the use of a-hemolysin pores, as well as other pore systems will provide unparalleled
insight into the behavior of charged polymer systems in solution.
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CHAPTER 3
FABRICATION OF SYNTHETIC NANOPORES FOR
TRANSLOCATION OF BOTTLE-BRUSH
POLYELECTROLYTES
3.1 INTRODUCTION
In light of the resuhs with hnear synthetic polyelectrolytes translocating through
protein pores, we desire to investigate the translocation behavior of "bottle-brush"
polyelectrolytes through synthetic nanopores. The objective is to observe the translo-
cation behavior of polymers with nonlinear architecture in order to understand the
dynamics of more complex biopolymers. The bottle-brush architecture is very ap-
pealing due to its potential as a complexation conjugate to DNA, and has thus the
main focus of a great deal of current drug delivery research.^
Recent synthetic advances have opened the possibihty to mimic the architecture of
such biomolecules, specifically the "star" and "brush" or "bottle-brush" conformations[6,
36, 54, 73, 87, 88, 89, 111, 133]. The basic shape of a bottle-brush polymer is shown
in Fig.C.l. The charged side chains protrude from the neutral backbone of a chain of
length L, with a certain graft density, p, along the main chain. Here, p is defined as
,= 1 (3.1)
where n is the number of total side chains on one bottle-brush molecule. The degree
of polymerization of the side chains is defined here as A^. As a result of this charged
^Refs [6, 19, 20, 30, 36, 54, 60, 73, 85, 87, 88, 89, 90, 91, 111, 128, 129, 133, 139]
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brush architecture, the average charge density in the volume between brushes is high,
resulting in a higher propensity of the counterions to reside within the brush layer [6,
73, 89, 139]. This behavior results in a lower chain ionization value, /, for bottle-t)rush
polymers when compared to their linear analogs. It is important to note that this
counterion behavior does vary as a function of p and salt concentration for both strong
and weak polyelectrolyte brushes. The complete details of this counterion/bottle-
brush behavior are reviewed beautifully by Riihe et al.[89].
3.1.1 Bottle-Brush Synthetic Pathways
One synthetic scheme involves utilizing hydrophobic/hydrophilic forces to form
micellar, star polymeric structures from diblock copolymer systems. This method is
far from ideal for a few reasons; first, it lacks the ability to create a variety of different
molecular geometries. Second, it does not provide the ability to gain acute control
over the side chain polydispersity or graft density. A more elegant synthetic route
is to first synthesize the oligomeric side chain (known as a "polymacromonomer"
or "macromonomer" ) with one end being functionalized for the ensuing main-chain
polymerization. Because the side chains are physically part of the monomer, this
method allows one to have total control over the length and polydispersity of the side
chains as long as a controlled polymerization method is chosen for this step. If one
utilizes a functionalized, unsaturated cyclic for the macromonomer, the density of side
chains can also be controlled through the use of well-known ring opening metathesis
polymerization (ROMP) synthetic protocols.
3.1.2 Current Synthetic Nanopore Fabrication Methods
As stated earlier, much effort[13, 29, 31, 32, 38, 51, 52, 114, 115, 116, 136] has
gone into the development of synthetic nanopores to achieve single base resolution
for the rapid sequencing of DNA and other biopolymers. In the context of bottle-
brush translocation, a-hemolysin pores are ineffective due to its minimum aperture
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being too small to allow a polymer with N > 2 to pass through. Furthermore, the
movement towards synthetic pores also centers around the fact that their diameters
are highly tunable, and thus can accommodate translocation of chains with a variety
of thicknesses, which is not possible with a-hemolysin pores. The fabrication of these
pores typically involves the formation of a "pre-pore" structure within the given
substrate, followed by a systematic manipulation of this pre-pore by a high-power
energy source. A review of the current synthetic pore fabrication methods will be
discussed below.
3.1.2.1 Focused Ion Beam (F.I.B.)
This technique utilizes a high-energy focused Ar+ beam that selectively degrades
away a portion of a ceramic (Si3N4) substrate exposed to the beam diameter[51]. The
pre-pore structure for this method is a hemispherical notch that is formed on the side
of the substrate opposite to the ion beam. When the substrate is etched down to a
thickness equal to the radius of the hemisphere, there is no longer any material for
the ion beam to etch at the apex of the hemisphere and a pore is formed. Further
etching beyond this point will cause the pore radius to increase, thus allowing for a
range of pore sizes to be fabricated. The pore size is characterized through a mixture
ion counting during exposure and electron microscopy/AFM after exposure. This
method has proven to give very well defined pores, and has recently been used to
produce pores that are less than lOnm wide. The drawback to this method is the
elaborate and expensive instrumentation needed to operate properly.
3.1.2.2 Photolithographic/Ion Etching
This approach[114] utilizes electron-beam (e-beam) lithography to pattern an sil-
icon wafer, followed by a wet electrochemical etching to form pre-pore. After the
pore is formed, the surface is oxidized, forming a thin Si02 layer, and the pore size
is tuned by exposing the pore to a high intensity transmission electron microscope
38
(TEM). This process deforms the Si02 around the perimeter of the pore, thus shrink-
ing the average pore diameter. This hthography/etch technique possesses the same
high level of control over the pore size as the ion-beam sculpting method, but through
the use of common laboratory equipment. The laboratory equipment requirements
for this technique are more common than for the F.I.B. method, yet are still fairly
specialized.
3.1.2.3 Lithography-Free Laser Shrinking
The method utilized in this work is a pore-shrinking technique that involves no
lithography or F.I.B. protocol, but rather takes advantage of the low T^ behavior
of short chain, or waxy, polymeric materials [136]. In this technique, a commercially
available wax (APIEZON W Wax, Mkl Materials, Manchester, U.K.) made of puri-
fied asphaltenes, is heated to ~80-90 "C, upon which its viscosity drops from >10^ P
to ~ 10 P[136]. This allows the material to be spread over a polished Teflon substrate
consisting of a 2mm hole, forming a free standing wax membrane. A pre-pore (d ~
300/im) is then mechanically punched into an ~2mm thick membrane, then exposed
to a 50 mW (2W max power) Nd:YV04 (532nni) collimated laser beam (Vanguard
2000-HM532 Mode-Locked, DPSS Green Laser) with a 76MHz pulse frequency and
12ps pulse width (3xl0~'^J/pulse). This causes local heating of the wax around the
pre-pore, which raises the material above its T^ and allows the material to flow. Un-
der this flow condition, the surface tension caused by the presence of the pore is the
driving force for the shrinking process, and exhibits a linear shrinking rate of the
general form
- = 1-Ct. (3.2)
To
When modeling the membrane as a series of thin sheets, the shrinking rate dependence
on materials properties was given by
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r~ (3.3)
where 7 is the surface tension of the pore and r] is the dynamic viscosity of the
wax[136].
In the work described below, the laser exposure was done in ambient air conditions
and the shrinking rate was characterized by optical microscopy. The pores were
exposed in an iterative fashion, i.e. exposed for a given length of time, characterized,
further exposed, etc.
3.2 RESULTS
3.2.1 Stage Design
The customized stage built for these experiments is shown in Fig.C.2. The main
design feature focused around creating a stage that provided high experimental flex-
ibility, while still creating a proper seal to accurately measure the current with pA
resolution. The stage is equipped with both cis and trans chamber perfusion ports,
to allow for the solution conditions to be changed for either chamber independently.
Most importantly, a removable chip was included in the design for ease in charac-
terization with optical or electron microscopy. Furthermore, this feature allows for
numerous pore sizes to be used with the same stage, allowing for a host of different
systems to be studied.
3.2.2 Pore Shrinking
Sample snapshots of the pore during the shrinking process are shown in Fig.
C.3 and C.4 displays typical shrinking rates. It is clear to see that the shrinking
dynamics observed here do not correspond to the previous behavior [136]. This is
likely due to the difference in experimental conditions used; different laser source,
exposure and characterization processes, etc. Nevertheless, each individual shrinking
experiment displays a nice fit to Eq. 3.2. Figures C.5 and C.6 show current traces
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for a voltage ramp and polarity switch experiment for a pore with d ~ 3/xm. These
data were collected by shrinking and characterizing a pore by the process described
above, inserting the pore into the stage (Fig. C.2) which is connected to the same
electronics described in Section 2.2.2, and measuring the current flux through the
~3/xm pore. Due to the relatively low noise level and Ohmic behavior reflected in
Fig. C.5, it is clear from these two figures that the stage integrates well into the
same electronics used in Chapter 2, and can provide a >MQ, seal which is needed for
translocation experiments to proceed with confidence. However, in order to have the
proper resolution to measure translocation of bottle-brush polyelectrolytes, the pore
diameter must be <20nm. In order to obtain these nanometer size pores, the shrinking
behavior was monitored until the pore was no longer able to be characterized optically,
then the linear fit was used to calculate the necessary exposure time to obtain a 20nm
diameter pore. It is important to note that only ~80% of this calculated time was
used to compensate for error in the linear fit. Using this procedure, a pore with the
desired size was unable to be fabricated. Scanning electron microscopy (SEM) results
for nearly all samples run showed complete closed pores, thus the shrinking dynamics
must deviate from a linear behavior at small radii. This is likely due to the local
fluctuations in rj becoming more relevant at small r, thus increasing the shrinking
rate given by Eq. 3.3.
3.3 PROPOSED FUTURE RESEARCH
Once the fabrication of <100nm pores can be highly reproducible, the first key
experiment will be to observe the translocation behavior of bottle-brush polyelec-
trolytes as a function of backbone lengths, L, and side chain degree of polymerization,
A^. The polymer system to be tested initially will be poly(cyclooctene-graft-N-lysine),
being shown structurally in Fig.C.7. Motivation for exploring this particular chemi-
cal system comes from early work by Leng and Felsenfeld[50] who were investigating
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preferential interactions with DNA and polylysine relating to histone formation. The
results concluded that polylysine molecules complexed strongly with DNA, especially
sequences rich in Adenine (A) and Thymine (T), in salt concentrations up to ~1.0M.
This propensity to complex with biological polymers makes this system a strong can-
didate for use as a nonviral vector for gene therapy applications.
Analysis of r, and I^/Io as a function of N will be done to compare between
the linear and brush cases. Special attention will be paid to the current signature to
determine if individual side chain relaxation can be observed as they exit the backside
of the pore. Attention will also be focused on the possible effects on the translocation
current signature due to the high counterion concentration in the brush region of the
chain, as mentioned previously. A systematic variation of r with respect to N could
allow for the direct measurement of the local counterion concentration between two
brushes for a given bottle brush system. An investigation of the role of pore size to
translocation behavior will also be carried out. The motivation for these experiments
is shown visually in Fig. C.8.
If the diameter of the pore is much smaller than the average cross section of the
chain, the bottle-brush will be unable to successfully translocate in a head to tail
fashion. However, the translocation current might still exhibit some blockade events
due to the probing of the pore by the side chains. (Fig. C.8a) When the pore diameter
reaches some critical value (d*), the bottle-brush will be able fit through the pore in
a head-to-tail fashion, thus allowing for successful translocation to occur. (Fig. C.8b)
Comparison of d* with a theoretically determined value for a given side chain length
will provide insight into the nature of the side chain configuration.
Further experimentation could include translocation of DNA/bottle-brush com-
plexes. The single molecule resolution of this translocation technique could give rise
to a deeper understanding of the structural and dynamic behavior of these complexes
over a range of parameters. All information to date about the structure of these com-
42
plexes has been done primarily through analysis of the Rg/Rh ratio via light scattering
techniques, thus providing one with only a rough picture of the physical state of the
complex. Intuition might lead one to believe that the main driving force for com-
plexation is the electrostatic attraction of two oppositely charged chains. However,
as stated previously, the overall charge of the chain is low due to the high degree of
counterion condensation, thus greatly reducing any electrostatic attraction between
the two species. Thus, what drives the complexation of DNA to these bottle-brushes
is the gain in translational entropy due to the release of the counterions. If one of the
chain-ends of the complexed DNA inserts itself into the mouth of the pore (Fig.C.Sc),
the complex will remain intact as long as the electrostatic force pulling at the chain
end is lower than the binding strength between the bottle-brush and the DNA. What
is this critical electrostatic force needed to pull the DNA off of the bottle-brush and
translocate through the pore? As long as the molecular weight of the bottle-brush is
high enough, it is very possible that there will still be a significant number of coun-
terions attached to the bottle-brush after complexation of a single DNA chain. How
many DNA molecules can attach to a single bottle-brush molecule? How many DNA
chains must attach to the bottle-brush to yield a net-zero charge to the complex? Is
it possible to attach enough DNA to cause a charge reversal of the complex? It will
be interesting to investigate the translocation properties of these complexes to begin
to answer these questions.
3.4 CONCLUSION
A lithography-free method for synthetic nanopore fabrication was reproduced and
the successful integration of a custom synthetic nanopore stage was implemented
into existing electronics. The fabrication method involved the controlled shrinking
of a mechanically punched hole inside a wax substrate. The shrinking dynamics
observed were different than previously observed, and thus were unable to be param-
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eterized. Macroscopic pores, r ~ 3/um, were used to test the effectiveness of a custom
designed stage. The pores displayed Ohmic behavior, and resistivities in the MQ
range. Further investigation into the shrinking dynamics and stage design will result
in an extremely powerful characterization technique to understand the translocation
dynamics of bottle-brush polyelectrolytes. Future suggested experimentation would
focus on fabricating sub-lOOnm size pores by utilizing a continuous wave laser with
a lower peak power level, and integration of patch clamp instrument (Section 2.2.2)
into the shrinking experiment to monitor pore size via the current flux[136].
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APPENDIX A
FIGURES - CONDUCTIVITY OF POLYELECTROLYTE
SOLUTIONS: ROLES OF THE CHAIN, COUNTERION,
AND SALT
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Figure A.l. Specific conductivity as a function of Cp and Cg for NaPSS with KCl.
For Cp, the units are moles of monomer per hter. At Cp/Cg ~ 1, (intersecting Hne)
the conductivity Hnearly increases for all cases. The boxed area on the ordinate
represents the conductivity of the solvent, double deionized water (ddH20).
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Figure A. 2. (a) Conductivity vs. frequency for 10"^M to l.OM salt free NaPSS. (b)
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conductivity data from the static frequency conductivity meter (circles).
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Figure A. 3. Reduced viscosity {r]rd) versus Cp and Cs- The overlap concentration,
c*, is ~10~'^M for the salt free case, and shifts to higher Cp as is increased due
to increased electrostatic screening at higher ionic strengths. This confirms that the
concentration ranges studied span both the dilute (Zimm) and semidilute (Rouse)
regimes.
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Figure A. 4. (a) Effective salt conductivity {os^eff) as a function of Cp. The horizon-
tal curves are the "bare salt" conductivities and the data points are the calculated
Os^eff for each Cg. (b) Effective polymer conductivity {(Jp^eff) as a function of Cp.
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Figure A. 5. Relaxation time (r) distribution plots for (a) 0.005M, (b) O.OIM, and
(c) O.IM KCl as a function of Cp/Cg. (Values in legend) For all Cp, both modes are
present, and the amplitude of the slow mode curve increases with increasing Cp/Cg.
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Figure A. 8. Weight fraction of each diffusive mode for Cs = 0.005M (triangles),
O.OIM (diamonds), O.IM (squares) KCl, and Cp > O.OOIM. The weight of each mode
was determined by taking the integral of the relaxation time distribution curve from
DLS (similar to those in Fig.A. 5) was taken for the mode and dividing by the total
weight, as a function of for all Cp. Extrapolation to q ^ 0 for each curve gives the
weight fraction of that mode. This was done for both slow and fast modes. The slow
mode dominates the diffusive profile for each Cs, increasing to ~90% for all cases.
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Figure A, 9. Equivalent conductivity (A) of salt-free NaPSS from 10~^monoM < Cp
< l.OmonoM. This result is qualitatively similar to A for simple electrolytes due to
a being driven by free counterion motion. The change in slope at ~lxlO~'* is due to
the introduction of counterion-polyion interactions as Cp is increased.
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APPENDIX B
FIGURES - TRANSLOCATION OF SYNTHETIC
POLYELECTROLYTES THROUGH a-HEMOLYSIN
PROTEIN PORES
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Figure B.l. Crystal structure of the a-hemolysin protein pore from Ref.[113]. The
pore is formed by the self-assembly of seven individual proteins, producing a mush-
room shaped pore possessing a cap (lumen) and stem (/^-barrel) region. (A) Side-on
view, (B) Top-down view. Note: (B) shows a pore radius of 26A, however the smallest
aperture within the /^-barrel region is ~1.5A.
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Figure B.2. Photograph of the translocation instrument. The electronics (left) are
separated from the experimental stage (right) by a Faraday cage and wire shielding
(not shown). The electronics consist of (A) a computer and LCD flat screen display
for low electrical noise, (B) a temperature control module, (C) a 4-pole low-pass
Bessel filter and, (D) a digital oscilloscope for capacitance measurement of the lipid
bilayer, (E) an Axopatch 200B integrated patch clamp amplifier, (F) and a digital-
to-analog converter. A Faraday cage (G) houses an optical microscope (H) to aid in
lipid bilayer formation within the experimental stage (I).
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EFigure B.3. Photograph of the experimental stage inside the Faraday cage in Fig.
B.2. For conductive insulation purposes, the main stage (containing the cis (A) and
trans (B) chambers) is made of Teflon and is housed in a gold-plated carriage (C).
The entire unit is housed within a circular Teflon chamber (D). The carriage rests
on a solid-state, or Pelter, variable temperature chip to allow variable temperature
experiments to take place (not shown). The gold carriage also has an inlet (not
shown) to provide feedback to the temperature control module through a thermo-
couple/thermistor (not shown). An electrode attached to both the cis and trans
chambers, Ecis and 'Ejtrans-, with the forward potential driving anionic polyelectrolytes
(NaPSS, PAA, DNA, RNA, etc.) from cis to trans. The cis chamber also has perfu-
sion ports (Pjn and Pout) to allow for fresh solution to be pumped in via syringe.
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Figure B.4. Schematic of the general mechanism of translocation through a-
hemolysin. A chain far from the pore (A) does not impede the current flux through
the pore, thus the baseline current, Iq, is present. Once a chain begins to interact
with the pore (B), the aperture of the /3-barrel is partially eclipsed, causing a decrease
in the current to a value, I;,, called the blockade current. At this stage, the chain will
either overcome the energetic barrier and successfully translocate to the trans cham-
ber, (C), or fail to translocate and eject back into the cis chamber. After either a
successful or failed translocation, lo is recovered and another chain is free to interact
with the pore.
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Figure B.5. Histogram of translocation time, r, for M^, = 1.6 (dark blue), 16 (navy
blue), 100 (red), and 500kg/mol (green) NaPSS at 160mV applied voltage. The peak
at T < 100//S is Mu;-independent, which represents failed translocation events. At
My, > 16kg/mol, a second peak emerges for each system, with each average peak
value shifting to larger r as M^, is increased. This second peak represents successful
translocation events.
60
i
35
30 I-
25
^ 20
E^
10
0
-5
-10
(a)
iiii^fiiiliii|^ | ii^lfii«liiii
0 500 1000 1500 2000 2500 3000
Repeat Units
75
60 -
^ 30
15
(b)
C3---
1
0.0055 0.0065 0.0075
1/AV (mV-1)
0.0085
Figure B.6. Peak values from Fig.B.5 as a function of repeat length, (a) The My-
independence of the failed translocation events (triangles) and linear dependence of
the translocation peaks (diamonds) is clearly seen, (b) Sample plots of the decrease
in translocation time with increasing applied voltage, AV, for 100 (squares) and
500kg/mol (diamonds).
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Figure B.7. Analysis of dynamic light scattering results show that the hydrodynamic
radius, R/,, scales like N~°^^, denoting that the chains are in good solvent condition.
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Figure B.8. Histogram of I^/Iq for different molecular weights of NaPSS at 160mV.
M^, = 1.6 (blue), 16 (red), 57 (dark blue), 100 (olive), 500 (purple) kg/mol. 1.6kg/mol
displays a peak at ~0.69 and a long decay to lower Ib/lo values. As M^^, is increased to
16kg/mol and 57kg/mol, the curves dramatically change shape. The peak values shift
to ~0.46 and ~0.44, respectively, but retain the long tail to lower Ib/lo- For lOOkg/mol
and 500kg/mol, a clear second peak emerges at ~0.27 and ~0.25, respectively. The
500kg/mol system also possess a third peak at ~0.51.
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Figure B.9. Scatter plot of I^/Io for r for different molecular weights at 160mV. My^
= 1.6 (blue), 16 (red), 57 (green), 100 (yellow), 500 (purple) kg/mol. The events in
the low level blocade region (r < 0.1ms) represent chain end probing of the /^-barrel,
with Ib/lo being proportional to the probe depth. Events within the large bands
at 0.40 < I{,/Io < 0.6 represent a stalled translocation event due to the negatively
charged "collar" at the trans end of the /^-barrel. Events in the clusters below Ib/lo
< 0.35 represent successful translocation events due to the average r for each cluster
increasing as M^, is increased.
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Figure B.IO. Sample current traces for most common event shapes, (a) Short hved
spiked event, most common in the weak blockade region (r < 0.1ms) of Fig.B.9.
(b) Single level event, common for failed translocation events where the chain end
is interacting with the electrostatic collar at the trans end of the /3-barrel. These
events lay within the banded region of Fig. B.9. (c) Two level event denoting a
successful translocation event. The two levels are denoted as the mid- and deep level
subblockade regions. Note: these events are not equally scaled.
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Figure B.ll. Master curve for successful translocation events, depicting a linear
dependence r with N/AV.
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Figure B.12. Analysis methods used for determination of r and I;, for two level
events, (a) Common shape for a two level event, (b) Average I;, taken for the entire
event, with no consideration for the individual values for each subblockade. This
method was used in the construction of Fig. B.9 and has been the typical method
used for analysis of a-hemolysin translocation, (c) New analysis method, accounting
for each subblockades r and I^/Io- The subscripts "1" and "2"' represents the mid-
and deep level subblockade regions, respectively.
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Figure B.13. A typical scatter plot result using the two level analysis method shown
in Fig. B.12c. The single level events (Fig. B.lOb) and the mid level subblockde
events have similar If,/Io values, and make up the banded region (red). The deep
subblockade level is responsible for clustered events at low I^/Io (blue).
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Figure B.14. Scatter plot comparison between analysis methods for (a) 16kg/mol,
(b) 57kg/mol, (c) lOOkg/mol, and (d) 500kg/mol NaPSS at 160mV. The data from
Fig. B.9 is reproduced for each M^, (green), while the two-level analysis method results
are superimposed (blue and red). The single level and mid level subblockade events
make up the bands (red), while the deep sublockade level makes up the translocation
event cluster at low Ib/lo (blue).
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Figure B.15. Master curve comparison for each analysis method. Main plot shows
Ty^, from the deep subblockade region versus N/AV. Inset is Fig. B.ll reproduced,
with r (ordinate) versus N/AV (abscissa). Comparison between values of r for each
method compare extremely well, confirming that the deep subblockade of the two
level event is representing actual translocation of the chain across the membrane.
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zFigure B.16. Sketch of the two-barrier free energy landscape for polyelectrolyte
translocation through a-hemolysin as a function of distance from the lumen mouth,
z. (1) Free energy of a chain far from the pore in the cis chamber. (2) The en-
tropic barrier, AS, associated with the loss of configurational entropy upon chain
end insertion into the /i-barrel. The local minimum between (1) and (2), denoted
as (*), is due to the ability of the lumen to act as an entropic trap. The depth of
this local minimum is inversely proportional to chain length and is most prominent
for chain lengths smaller than the mean diameter of the lumen. For the molecular
weights studied, this local minimum pertains only to the 1.6kg/mol case. (3) The
enthalpic barrier. AH, caused by a negatively charged "collar" at the trans end of the
/^-barrel imposing electrostatic repulsion onto NaPSS. The minimum between (2) and
(3), denoted as (**), is due to the metastable stalled state. Once AH is overcome, a
translocating chain continues to pay an entropic penalty (4) until the chain has fully
ejected from the /^-barrel, thus the length of the second entropic plateau is a function
of molecular weight. (5) The chain fully translocates into the trans chamber, allowing
the the global free energy minimum to be obtained. The difference in between
(1) and (5) is the net driving force for translocation caused by the applied potential.
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Figure B.17. Two level analysis scatter plot for 57kg/mol NaPSS as a function of
voltage. AV = 130 (blue), 140 (red), 150 (purple), 160 (olive), 170 (green) mV. As
AV is increased, the average time of the deep subblockade regions, r2, shifts to shorter
values. This result is direct agreement with Fig. B.6b. The average Ib/lo for the mid
level subblockade bands drops as AV is increased due to the applied potential driving
the electrostatically stalled chain further down the /^-barrel.
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Figure B.18. Plot of the percentage of successful translocation events versus AV at
Cp — 0.0091g/L. Due to >99% of translocation events taking the shape of Fig. B.lOc,
an event with this two level shape defined a successful event. For all My,, the success
rate monotonically increases with AV. The success rate for NaPSS only exceeds 50%
at AV > 170mV.
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(b)
Figure B.19. Comparison of voltage ramp experiments for 5kg/mol PAA (a) and
16kg/mol NaPSS (b) with Cp ~ 0.0091g/L. PAA has a dramatically different behavior
than NaPSS, with deeply blocking noisy events dominating at high AV. These noisy
events are thought to be due to chain "jamming" within the lumen and/or /^-barrel
caused by the hydrophilic backbone of PAA causing increased interaction with a-
hemolysin. The negative current events present are due to electrode polarity reversal
to clear the pore of the jammed polymer chain.
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Figure B.20. Current traces for polarity switch experiments for 5kg/mol PAA for
AV = 50 (a), 80 (b), 120 (c) mV. PAA was in both cis and trans chambers at Cp
~ 0.0091g/L. At low AV, only sporadic events shaped like Fig.B.lOa are present.
As AV is increased, chain jamming events emerge and eventually dominate at the
highest AV. This confirms that the mechanism that causes PAA to jam is specific
to the cis chamber, implicating some specific interaction between the chain and the
exposed surface area on the inside of the lumen.
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APPENDIX C
FIGURES - FABRICATION OF SYNTHETIC
NANOPORES FOR TRANSLOCATION OF
BOTTLE-BRUSH POLYELECTROLYTES
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LFigure C.l. Example sketch of the bottle-brush architecture. The side chains are
periodically grafted along the backbone of the chain through a variety of synthetic
methods. The main parameters are the contour length of the backbone, L, side chain
length, A^, and grafting density, p. The grafting density, p = f where n is the number
of side chains, can be varied depending upon the synthetic method utilized. Typically,
the side chains are charged, resulting in a high charge density within the brush region.
It is within this densely charged brush region that oppositely charged molecules, such
as counterions and/or DNA, condenses.
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(a)
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Drilled/Tapped
(b)
Cis and Trans
Perfusion Ports Removable Chip
Figure C.2. Custom translocation stage for synthetic nanopore translocation, (a)
Top View. The main cell is cylindrical, with the electrode ports being on the back
side of the stage, (b) Side View. The stage has a two piece design, with the actual
wax pore being formed on a removable chip. This was done to allow easy switching
to different pore sizes, and easy characterization of the pore. Refusion outlets are
on both cis and trans chambers to allow for different molecular weights/polymer
systems/solutions to be changed during an experiment. All pieces are made of Teflon
except for the metal screws that hold the two pieces together.
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400^ni ^^^^H 400^m
400^111 ^^^H 400^fn
Figure C.3. Example micrographs of pore shrinking, (a) Initial pore, (b) 10s, (c)
25s, (d) 50s, (e) 75s, (f) 100s exposure. Scale bar is AOO/^im and the magnifcation is
lOx for all samples. The red color of the pore is due to the filter on the optical scope.
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Figure C.4. Example plots of the shrinking rate of wax pores. For both (a) and (b),
the initial radius of each pore was ~300/ini and each had thickness of ~2mm. The
ordinate is the radius at a given time, Rj, normalized by the initial radius, Ro- Each
individual shrinking experiment shows Ri/Ro linearly decreases with t, however the
slope of each experiment varies.
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0 50 100 150 200
mV
Figure C.5. Voltage ramp experiment for a d ~ pore for 0 < AV < 200mV. (a)
Current trace shows the noise increases with increasing AV. Each plateau is 20m
V
increments, (b) Average current value at each voltage has a linear dependence on
AV, with the pore having a resistance of ~ 4.4MQ.
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Figure C.6. Current trace showing the symmetry during an electrode polarity switch
experiment for a macroscopic pore with d ~ 3/im. (Same pore in Fig.C.5) For this
experiment, AV = 120mV. The current symmetry underscores the Ohmic behavior
exhibited by this pore system.
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Figure C.7. Ring opening metathesis polymerization (ROMP) reaction for
bottle-brush polyelectrolyte synthesis. Cyclooctene is functionalized with an
oligomeric polylysine side chain to form the macromonomer. Polymerization of the
macromonomer occurs via ROMP, catalyzed by a Generation III Grubbs catalyst.
The polymer is then charged by Boc protection/deprotection chemistry, resulting in
a highly positively charged bottle-brush polyelectrolyte. This method produces chains
with extremely accurate p, due to the side chain being attached to the macromonomer
rather than grafted on after polymerization has occurred. This approach also provides
a great deal of flexibility in side chain length
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Figure C.8. Schematic of possible interactions of bottle-brush polyelectrolytes with
synthetic nanopores. (a) The pore diameter, d, is too narrow to allow for full-chain
translocation, but chain end probing could be observed, (b) Establishing the critical
pore diameter, cf , for full-chain translocation, (c) Utilizing synthetic nanopores to
measure the force needed to remove a complexed DNA chain from a bottle-brush
polyelectrolyte.
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APPENDIX D
DERIVATION OF THE KOHLRAUSCH LAW
The specific conductivity, a, of a system in terms of ionic velocity is given by
i
where c is the concentration of the i^'* ion. The general expression for the velocity of
an ion under and applied electric field, E, is
V^ = fliE (D.2)
where /ij is the electrophoretic mobility of the ion, defined as
where q, ry, and Ri are the charge of the ion, viscosity of the solvent, and radius of the
i^^ ion, respectively. When an ion is totally dissociated in solution, the electroneu-
trality condition dictates that it will be surrounded by an oppositely charged ionic
cloud, Qc- Therefore the velocity of the ion will be restricted by the presence of
this cloud, thus
Vi = {fii - /^H^c)E (D.4)
where /ij c is the electrophoretic mobility of the surrounding cloud. The size of the
ionic cloud will be determined by the range over which the potential from the ion is
being felt, thus /ij^c is defined as
/^.c = (D.5)
where k,~^ is the Debye length and is defined as
K~' ~ ^. (D.6)
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Thus, Eq. D.5 can be written as
/J'l
qcVc
6nr]
(D.7)
For a 1:1 electrolye, Eq. D.l becomes
a =
ceE
(D.8)
Plugging Eq. D.8 into Eq. 1.2 and neglecting the constants for the sake of clairity,
the expression for A becomes
A - (l - x/?) (D.9)
thus recovering the same y/c dependence as seen in Eq. 1.3.
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